Abstract-This paper describes ground-based scaled plasma experiments that simulated picosatellite and femtosatellite electron collection in the low earth orbit (LEO) ionospheric plasma, capturing special characteristics of these small spacecraft, including their possible rectangular cuboid shape, size relative to the plasma Debye length and the electron thermal gyroradius, and orientation with respect to plasma flow and magnetic field. It was observed that enhancing magnetic field strength to an appropriately scaled value to approximate LEO decreased the electron saturation current. The current collection characteristics were also impacted by the orientation of the probes relative to the magnetic field and the direction of plasma flow. In the voltage range tested, a model used in previous studies to predict electron saturation current underestimated the measured probe currents by a factor of two or more. Semi-empirical models developed here to calculate electron saturation currents that were within 10% of the measured currents. This experimental analysis enhances our understanding of current collection by rectangular cuboid probes in high-speed plasmas.
Experimental Investigation of Electron Collection
by Rectangular Cuboid Probes in a High-Speed Plasma small spacecraft. Because of their small size and mass, it may be possible to launch and deploy large numbers of these spacecraft, thus enabling distributed measurements in space and/or time (e.g., distributed aperture, simultaneous spatial sampling, and rapid resampling of a single location) [1] - [5] . These spacecraft can be categorized as picosatellites (100 g-1 kg) and femtosatellites (<100 g), or "picosats" and "femtosats." Previous studies showed that a short (few meter long) electrodynamic tether (EDT) space propulsion system may be capable of providing picosats and femtosats with propellantless atmospheric drag makeup and orbital maneuverability [6] - [8] . The propulsion system concept consists of a pair of similar picosats or femtosats connected by an insulated conducting tether. EDT thrust is generated by the interaction of the tether current with the planetary magnetic field. To generate current flow, one tethered spacecraft, the cathode spacecraft, emits electrons while the other, the anode spacecraft, collects electrons from the ionospheric plasma on its exposed conducting surfaces. It was assumed that essentially the entire anode spacecraft surface would be conducting. For example, a protective cover glass on solar cells could be coated with a transparent conductive layer (e.g., indium tin oxide) [9] . In this paper, we aim to better understand the electron current collection capabilities of picosats and femtosats in the ionosphere.
Estimating the electron collection current to picosats and femtosats is complicated by several factors. First, it is challenging because of the size of the anode spacecraft considered here. The anode size, represented by the characteristic dimensions of the anode r p can be compared to the Debye length λ D . This gives us a sense of the size of the probe relative to the sheath thickness. When the Debye length is large with respect to the anode (r p /λ D ≤ 1) and the anode bias V anode exceeds the plasma potential V p , a thick sheath approximation can be made and the orbital-motion-limited (OML) theory can be used to predict current to simple electrode geometries (e.g., spheres and infinite cylinders). The OML electron saturation current is given by [10] I OML = I the 1 + e(V anode − V p ) kT e β (1) where T e is the electron temperature, k is the Boltzmann's constant, e is the elementary charge, and I the is the electron 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
thermal current. The exponent β = 1 for a sphere, 0.5 for an infinite cylinder, and 0 for an infinite plate. The electron thermal current is defined here as I the = A anode n e e kT e 2πm e (2) where n e is the electron density, m e is the electron mass, and A anode is the surface area of the anode. The increase in electron saturation current with applied voltage in (1) corresponds to the expansion of the sheath with voltage. Alternatively, when the Debye length is small with respect to the dimensions of the collecting body (r p /λ D 1), a thin sheath approximation can be made, sheath expansion with bias voltage is assumed to be negligible, and the resulting collection current is the thermal current on the spacecraft surface [10] .
The picosat and femtosat sizes place them in an intermediate regime between the thin and thick sheath regimes. Previous studies investigated the use of miniaturized EDTs for maneuverability in low earth orbit (LEO) from 400 to 600 km [6] - [8] , where λ D can range from roughly one millimeter to a few centimeters [11] . We expect the characteristic dimensions of the anode spacecraft to be on the order of a few centimeters, so r p /λ D ≈ 1 − 30 [8] . This suggests that current collection takes place in an intermediate regime that lies between the thin (r p /λ D 1) and thick (r p /λ D ≤ 1) sheath regimes. Note that (1) assumes current collection in a collisionless, nondrifting, unmagnetized plasma [10] . As will be shown, collisions, plasma flow, and magnetic field affect sheath expansion and add complexity to estimating current.
Magnetic field effects can impact electron current collection to picosats and femtosats in LEO. In this case, r p is compared to the electron gyroradius r G . Generally, strong magnetic fields (r p /r G 1) reduce the electron collection current [12] . Rubinstein and Laframboise [13] explain that the electron current collected by a spherical electrode in a magnetized, stationary, collisionless plasma is the sum of the electron current traveling along a magnetic bottle that intersects the electrode and electron current traveling on flux tubes in encircling orbits that just touch the probe surface parallel to the field lines. As the magnetic field strength increases, the electron gyroradii become smaller, the contribution from encircling orbits shrinks, and the current collection area shifts to the area projected along magnetic field lines [13] . However, these effects are often neglected when r p /r G 1 [14] . Picosat and femtosat current collection would take place in an intermediate regime with respect to r G . In LEO, the gyroradius of thermal electrons is on the order of a few centimeters [15] , which is roughly the same scale as the picosats and femtosats considered in this paper. Thus, current collection here would take place in an intermediate regime that lies between the strongly magnetized (r p /r G 1) and unmagnetized (r p /r G 1) plasma regimes. Collisions may also play a role in current collection in a magnetized plasma. Electrons in a magnetic field travel along magnetic flux tubes, gyrating around field lines, and can be collected when the flux tubes intersect the probe or when particle collisions, plasma turbulence, or other mechanisms enable transport across field lines [16] - [19] . As a result, the ratio of the electron gyrofrequency ω ce to the electron collision frequency ν e is often used to anticipate the importance of collisions to current collection in a magnetized plasma. The ionospheric plasma is considered collisionless (ω ce /ν e 1) in the altitudes considered in this paper [8] .
High-speed plasma flow can also impact electron current collection. An orbiting spacecraft in LEO travels through the ionospheric plasma at about 7.5-8 km · s −1 . This velocity exceeds the ion thermal velocity but is less than the electron thermal velocity; that is, it is mesothermal [20] . It was observed in [21] - [23] that the electron saturation current can be enhanced in a high-speed plasma. When the probe bias relative to the plasma potential exceeds the directed kinetic energy of oncoming ions (i.e., the beam energy), ions are stopped and reflected. The streaming and reflected ions form a positive space charge region on the upstream side of the probe that produces expansion of the sheath. The sheath expansion increases the effective collection area of the probe. This effect enhances the electron saturation current [21] , [22] .
Weber et al. [21] compared the current-voltage (I -V ) characteristics of a large flat planar probe perpendicular to the plasma flow with the I -V characteristics of the same probe parallel to the flow. Current enhancement was only observed in the case where the probe was perpendicular to the flow. The electron saturation current collected when the probe was perpendicular to the flow was equal to the current collected when the probe was parallel to the flow multiplied by [21] 
where ( I b ) max represents peak enhancement of the electron saturation current, I f is the electron saturation current collected when the probe is parallel to the flow, W is the ion beam energy, T b is the effective ion beam temperature, and [21] 
Equation (3) produces an S-shaped curve that is characterized by an increase in the slope of the electron saturation current, an inflection point where V − V p is equal to the ion beam energy, and a knee in the curve. The current ranges from I f to I f + ( I b ) max . The inflection point can be subtle but it is visible in the first derivative of the I -V characteristic as a local maximum or "peak." In (3), it is assumed that I f > 0. This current enhancement characteristic was observed in [24] when conducting cylinders and tapes were biased above the directed kinetic energy of the ions in a high-speed flowing plasma. An increase in collection current was also observed during the Tethered Satellite Systems Reflight (TSS-1R) mission when the anode potential exceeded the ram kinetic energy of the ionospheric O+ ions (5.3 eV) [25] .
The possible shape of the picosats and femtosats poses a challenge to estimating collection current. Several picosat and femtosat designs are box shaped because components are mounted on printed circuit boards and/or semiconductor wafers, giving the spacecraft body a cubic or thin rectangular cuboid form [26] , [27] . Picosats and femtosats may also assume this shape to conform to requirements of small satellite launch adaptors and deployers (e.g., the Poly Picosat Orbital Deployer) [28] , [29] . Laboratory experiments have been conducted to better understand the current collection behavior of cubic probes in a flowing plasma, but the magnetic field and plasma flow effects were not analyzed and the probe sizes relative to the Debye length were large compared to the probes considered in this paper, approaching a thin sheath regime [30] .
Rough approximations were made in previous studies to facilitate estimating picosat and femtosat electron collection current [6] - [8] . It was assumed that the sheath would expand outwards when V anode V p , concealing the fine details of the rectangular cuboid spacecraft's geometry and allowing us to approximate the spacecraft as spherical in shape [8] . Previous studies then used the expression [31] 
to estimate current [6] - [8] . Equation (5) was developed to interpret plasma parameters from the wide-sweeping Langmuir (WLP) probe instrument on the International Space Station. The WLP is a 5-cm-radius sphere in the LEO ionospheric environment that is roughly the size of these small anode spacecraft. Reference [31, Fig. 9] shows that the parameter β in (5) varied between 0.5 and 1, although no explanation was provided. β = 0.65 was chosen because this was the apparent value of β when the measured electron density was in the range of electron densities considered here [6] - [8] .
In this paper, we describe ground-based laboratory experiments in which we simulated current collection by probes representative of small anode spacecraft in a plasma that captured key characteristics of the LEO ionospheric environment, allowing us to refine previous current estimates. Section II describes our experimental setup and methodology and Section III characterizes the laboratory plasma. The experimental results and our current collection models are presented in Sections IV and V, respectively. The results and our models are compared in Section VI.
II. EXPERIMENTAL SETUP

A. Description of Experimental Test Campaigns
In a set of three ground-based laboratory experiments, current collection behavior was studied for a spherical probe, a cubic probe, and a thin square cuboid probe. The thin square cuboid probe is referred to as a planar probe in this paper.
The first experiment was the baseline experiment designed to study current collection in a high-speed flowing plasma. In the second experiment, the planar probe was reoriented relative to the plasma flow to observe the impact of changing the cross-sectional area facing into the flow. In the third experiment, the impact of scaling the magnetic field to simulate the LEO environment was assessed. These experiments are referred to as Test Campaign 1, Test Campaign 2, and Test Campaign 3, respectively. 
B. Vacuum Chamber Setup
The experimental test campaigns were performed in the cathode test facility (CTF) at the Plasmadynamics and Electric Propulsion Laboratory, University of Michigan. The CTF, shown in Fig. 1 , is a cylindrical, aluminum tank that is approximately 60 cm in diameter and 2.4 m in axial length. Fig. 1 shows a schematic illustration of the CTF with the test equipment.
A CVI Torr Master Cryopump was used to reach a base pressure in the range of about 2.5 × 10 −6 Torr. The pump speed for xenon was approximately 1500 l · s −1 [32] . While xenon was being flowed into the vacuum chamber for the tests, the background operating pressure inside the chamber ranged from 1.8 ×10 −4 to 1.9 ×10 −4 Torr. The background operating pressure for each test is listed in Table I .
In Test Campaign 3, Helmholtz coils inside the vacuum chamber were used to adjust the magnitude of the magnetic field inside the vacuum chamber. The magnetic field was measured inside the vacuum chamber by a Lake Shore Cryotronics, Inc. Model 460 3-channel Gaussmeter at the same position as the probe measurements. Using the convention where the x-axis is directed to the left of the chamber, the y-axis is directed toward the plasma source, and the z-axis is directed vertically upward (Fig. 1) , the measured ambient magnetic 
C. Plasma Source
A lanthanum hexaboride (LaB 6 ) hollow cathode (described in [33] ) generated a laboratory plasma environment that simulated the relative velocity between the ionospheric plasma and an orbiting spacecraft. The cathode was operated with a 3-sccm flow rate to maintain a low chamber pressure, which was desirable to appropriately simulate the LEO plasma environment. The working gas used here was xenon. Fig. 2 shows an illustration of the hollow cathode. Cathode operating conditions are listed in Table I . The negative terminal of the keeper power supply set the cathode voltage. The average cathode-to-keeper voltage is provided in Table I . There was some variation in operating conditions between test campaigns, thought to be normal wear and tear of the hollow cathode, but this did not impact the results. Fig. 3 shows an image of the probes. A thin, square planar probe and a cubic probe were chosen to represent different types of picosats and femtosats described in [6] - [8] . The cubic probe's dimensions were 1.1 cm × 1.1 cm × 1.1 cm and the thin square cuboid probe's dimensions were 1.1 cm × 1.1 cm × 0.3 cm. The dimensions of these probes were selected to be approximately representative of picosats or femtosats in the ionosphere after scaling with respect to λ D . This scaling is evaluated later in this paper. Scaling was necessary because we were not able to generate a laboratory plasma that was identical to the ionospheric plasma. Scaling the probe size with respect to the Debye length and electron thermal gyroradius allows us to better apply our observations to the orbital environment. More information about scaling may be found in [24] . In Test Campaigns 1 and 3, the planar probe was oriented edge on facing the hollow cathode. In Test Campaign 2, the planar probe was reoriented so the larger cross-sectional area was facing the plasma source.
D. Plasma Diagnostic and Test Probes
To make plasma diagnostic measurements, we used a 1.1-cm-diameter spherical Langmuir probe, a 1-mm-radius cylindrical Langmuir probe, a 127-μm-diameter emissive probe, a 0.95-cm-radius Mach probe, and a 4-grid retarding potential ion energy analyzer (RPA). Each side of the Mach probe had a 0.16-cm radius center collector and a 6-mm-wide guard ring. The spherical and cylindrical probes provided electron temperature, electron density, and rough plasma potential measurements. It was assumed in [6] - [8] that the picosats and femtosats would collect current like a sphere with an equivalent diameter equal to the longest edge of the spacecraft. To assess this, the diameter of the spherical probe was selected to be equal to the edge length of the planar and cubic probes. The emissive probe was used to measure the plasma potential. The RPA measured the ion drift energy. The RPA was positioned directly downstream of the cathode orifice at the location of the probe measurements with its aperture facing the hollow cathode. The RPA design and grid biasing configuration are described in [34] . The Mach probes provided a rough estimate of ion drift velocity. For additional information on Mach probes (see [35] ).
The emissive probe was composed of thoriated tungsten. The other probes were composed of type 316 stainless steel and plated with 5 μm of gold. From analysis in [8] , the impact of insulation at the base of each probe is thought to have only had a small effect on the plasma parameter measurements and the electron saturation current.
E. Probe Positioning System
The probes were mounted on a pair of linear motion stages, allowing the I -V characteristic of each probe to be taken at the same location. Measurements were taken 20 cm downstream from the cathode and 2 cm below the cathode axis.
F. Current-Voltage Measurement System
I -V sweeps for each of the probes were conducted by a Keithley 2400 SourceMeter. The SourceMeter was controlled via general purpose interface bus by a computer running a virtual instrument under LabVIEW. The computer commanded the Keithley 2400 to perform a linear staircase I -V sweep from about −0 to 50 V with 0.1-V resolution. The maximum positive bias in the I -V sweep was limited to 50 V to prevent the probe current from affecting the hollow cathode. All probes were biased with respect to the vacuum chamber.
During each voltage step, about 80 current measurements were averaged by the SourceMeter over 13 ms. This decreased the current measurement reading noise and set the display resolution of the instrument to 4 digits, which is on the order of 10 −6 A when measuring maximum current of ∼10 −2 A [36]. The error in the measured spherical, cubic, and planar probe I -V characteristics was small. To further reduce noise in the plasma diagnostic measurements, 3 or more I -V sweeps were averaged. I -V sweeps from the spherical and cylindrical Langmuir probe measurements were also obtained before and after the planar, cubic, Mach, and emissive probe I -V sweeps to monitor changes in the plasma environment over time.
III. CHARACTERIZATION OF LABORATORY PLASMA AND COMPARISON WITH THE IONOSPHERIC ENVIRONMENT
A. Plasma Parameter Measurement Technique and Analysis
The plasma potential was identified as an inflection point in the I -V characteristic of the spherical and cylindrical Langmuir probes [37] . Using this method, the average plasma potentials were determined to be −24.5, −21.5, and −23 V for Test Campaigns 1, 2, and 3, respectively. The negative plasma potentials were the result of the electrical scheme used here. This biasing configuration was similar to the configuration used in [38] , where the plasma potentials in the hollow cathode plume were also below ground potential. The emissive probe was used to check the plasma potential measurement using the separation point and floating potential methods [39] . These techniques measured plasma potentials within 0.3-0.5 V of the plasma potential determined by the cylindrical and spherical probes.
The electron density and temperature are shown in Table II . The electron density and temperature were calculated from the I -V characteristics of the spherical probe. First, the ion current was subtracted from the I -V sweep to obtain the electron current [37] . The electron energy distribution function (EEDF) was then calculated from the electron current using the Druyvesteyn method [12] . The electron density was obtained by integrating the EEDF. The electron temperature was calculated as (2/3) of the average electron energy of the EEDF [40] . The EEDF derived here is dependent on an accurate plasma potential measurement [12] . Recall that the plasma potentials measured by the emissive probe, the spherical probe, and the cylindrical probe were within 0.3-0.5 V agreement. As a form of validation for our electron temperature measurement, the electron temperature was calculated using the linear slope of a semi-log plot [37] , and these results were typically within 0.2 eV of the temperatures derived from the EEDF.
Recall that the plasma potential was determined as the inflection point of the I -V characteristics. Small variations of about 0.1-0.3 V were sometimes observed between consecutive sweeps and displayed what appeared to be multiple inflection points within a 0.1-0.3 V range. These effects may have been indicative of the plasma potential changing between or even during I -V sweeps [8] . It was also observed that the cathode-to-keeper potential oscillated with a peak-to-peak amplitude of about 0.5 V at a frequency of ∼10 kHz, and these oscillations may have generated plasma potential fluctuations of the same magnitude. Similar hollow cathode oscillations were observed and investigated in [41] and associated with plasma potential oscillations. The precise mechanisms for the oscillations are not known. Although we did not explicitly observe the plasma potential oscillations, we did observe 10 kHz oscillations in the floating potentials of the probes with a peak-to-peak amplitude of about 0.5 V [8] .
An emissive probe using the separation point technique also made plasma potential measurements. In the separation point technique, the crossing point between hot and cold emissive probe I -V characteristics indicates the plasma potential. However, it was observed that there was not a single crossing "point" but rather an overlapping region between the hot and cold probe sweeps that was up to 0.5 V wide. The accuracy of the separation point method is on the order of kT w /e or greater, where kT w /e is the temperature of the emitting filament in eV and kT w /e 2 ≈ 0.2 V for emission using tungsten [39] .
Assuming that the plasma potential was within ±0.5 V of the measured value, the resulting electron density and electron temperature were calculated at V p + 0.5 V and V p − 0.5 V to estimate peak error relative to their values at V p . The resulting variation in electron temperature and density was about ±50% of the values reported in Table II .
B. Characterization of Laboratory Plasma Flow
The RPA provided a precise measurement of the ion energy [42] . Fig. 4 shows a normalized ion energy distribution function (IEDF) obtained from an RPA trace. A drifting Maxwellian with an ion temperature of about 0.3 eV and a drift energy of 15 eV was fit to the normalized IEDF, suggesting an ion drift energy of approximately 15 eV. The fit function was a drifting Maxwellian function normalized by the amplitude. A least squares fit was applied and the results were used as initial conditions for a nonlinear least squares fit to ensure convergence of the results. The drift energy observed here is consistent with the drift energy measured by [32] and [43] under similar hollow cathode operating conditions. The measured ion energy distribution was broader (particularly at lower energies) than the drifting Maxwellian fit. This effect is associated with charge exchange (CEX) collisions, which can enhance the low energy ion population [44] , [45] .
The electron saturation current characteristic of the Mach probe was used to provide an approximate measure of the ion drift energy. Fig. 5 shows derivatives of the I -V characteristics of the Mach probe. The derivative of the upstream side I -V characteristic shows two distinct features. The peak at the lower potential indicates a potential slightly positive with respect to the plasma potential [46] . The potential of the second peak is where streaming ions are reflected and electron saturation current enhancement is observed (explained in Section I) [22] , [47] . The difference between the peaks gives a rough estimate of ion beam energy. In each test, the second peak was about 10-15 V above the plasma potential. This suggests an ion beam energy of ∼10-15 eV, which is consistent with the RPA analysis. The discrepancy between the measurements is likely due to the noise in the Mach probe current, where the precise voltages associated with each of the peaks was difficult to specify. The downstream side of the Mach probe lacks the second peak indicative of plasma flow and has a much shallower slope. This suggests that there was plasma flowing toward the upstream face and the downstream face of the Mach probe measured a more thermalized, nondrifting population of plasma.
CEX collisions influence our ability to generate a highspeed plasma downstream of the plasma source. As more ions undergo CEX collisions, the plasma becomes less representative of the LEO environment [48] . The percentage of the directional plasma beam that has not experienced a CEX collision (the beam survival percentage) can be crudely estimated by applying Beer's law [49] . To make an approximate estimate of the percentage of plume ions that undergo collisions, the beam survival was calculated using values of neutral density measured inside the vacuum chamber and assuming the neutral gas temperature was ∼300 K and the plasma ion drift energy was ∼15 eV [50] . Using this analysis, roughly 49% of the ions originating 5 cm downstream from the hollow cathode experienced a CEX collision when they reached the location where probe measurements were obtained. This suggests that a large portion of ions were thermalized and nondrifting. Thus, the experimental test campaigns did not fully capture mesothermal conditions representative of LEO. The impact of the low ion beam survival was explored in [51] , where it was observed that the knee in the I -V characteristics associated with plasma flow was sharp when the CEX ion population was small and softened as the CEX ion population increased.
C. Comparison of the Laboratory and Ionospheric Plasma Environments
Table II compares the laboratory plasma to the LEO environment. The orbital environmental parameters were calculated in [11] using the International Reference Ionosphere model for a 28.5°inclination, ∼500-km altitude orbit and were averaged around the orbit. These parameters represent average conditions for the orbital environment considered in this paper [7] , [8] . It can be seen in Table II that the laboratory plasma had several key elements of the LEO environment. The Debye length was about 0.5-1 mm, so the spherical, cubic, and planar probe, each ∼1 cm across, had characteristic dimensions of about 10-20λ D . In turn, the equivalent radius r p was ∼0.5 cm for each of the probes, so r p was about 5-10λ D over the test campaigns. Thus, the probe dimensions, scaled by the Debye length, were approximately representative of the anode spacecraft dimensions in LEO. The laboratory environment also captured the magnetization parameter r p /r G in LEO at the magnetic field value of 6 G.
However, the additional magnetization parameter ω ce /ν e was not fully representative of LEO. In LEO ω ce /ν e = 8×10 2 −4×10 3 ; whereas, in the experimental test campaigns, ω ce /ν e = 1.8-290. Details for the calculation of ω ce /ν e can be found in [8] . The parameter ω ce /ν e was smaller in the tests because the electron collision frequency was higher than in LEO. The higher collision frequency had the potential to produce a higher rate of cross-field electron transport, possibly enabling higher current collection in a magnetized plasma. Nevertheless, in Test Campaign 3 when B z = 6 G, ω ce /ν e was only ∼(1/3) smaller than in LEO. As a result of this and other scaling parameters, Test Campaign 3 appears to be most representative of the LEO environment.
It is worth noting the change in the electron collision frequency in the test campaigns shown in Table II . The electron collision frequency is a function of electron temperature. Although the mass flow rate was the same in each of the test campaigns, variation in the electron temperature caused the electron collision frequency to vary. The details of the electron collision frequency calculation may be found in [8] .
IV. EXPERIMENTAL RESULTS
We compare the probe I -V characteristics and normalized I -V characteristics in Test Campaigns 1, 2, and 3. The normalized current I 0 is I /I the and the normalized voltage 0 is e(V − V p )/kT e . Normalized I -V characteristics allow the current collection per unit area to be evaluated for each probe geometry, giving a measure of collection efficiency. Here, we define the collection efficiency as the normalized electron saturation current. The maximum normalized voltage is slightly different for each I -V characteristic because the electron temperature varied between experimental test campaigns. It also varied slightly during the tests themselves. We are interested in collecting current in the electron saturation regime, so only voltages above the plasma potential are shown in the normalized I -V characteristics (i.e., 0 > 0). We also compare the I -V characteristics and normalized I -V characteristics to the WLP model that was used to predict current collection in [6] - [8] .
A. Evaluating Current Collection in a Flowing Plasma: Test Campaign 1
The I -V characteristics from Test Campaign 1 are shown in Fig. 6(a) . The planar probe current collection behavior was similar to that of the spherical probe. The cubic probe collected about 50% more current than either the planar or spherical probe. The normalized I -V characteristics shown in Fig. 6(b) reveal that the cubic probe collected less current per unit area than the spherical or planar probe. On a per-unit-area basis, the sphere was the most efficient collector, the planar probe collection efficiency was 5% below the spherical probe, and the cubic probe collection efficiency was ∼15% below the spherical probe at the highest potential. Further, the difference between the spherical and cubic probe collection The somewhat lower current collection per unit area by the cubic probe could be due, in part, to less efficient collection on the relatively large, flat faces of the probe. This is explained in [52] . Although the sheath thickness around flat probe surfaces increases with bias voltage, a portion of the sheath is parallel to the flat surfaces and this sheath area and collection current remain constant with bias voltage. However, the sheath that forms around the corners and edges of a finite flat electrode is rounded. As this sheath thickness grows, the sheath area and the electron saturation current increase. As a result, the electron saturation current for flat electrodes is a weak function of bias voltage when the electrode dimensions are large relative to the Debye length [52] . The cubic probe had more large, flat surfaces than the other probes, and this may explain why the normalized cubic probe current characteristic grew less with bias voltage than the other probe characteristics. The dimensions of the cubic probe faces were ∼10λ D × 10λ D when scaled by the Debye length. The planar probe had four faces with the dimensions ∼3λ D × 10λ D . The smaller size of these faces relative to the Debye length may have made them more efficient collectors on a per-unit-area basis and may explain why the normalized planar probe I -V characteristic exceeded the normalized cubic probe characteristic. In addition, collection is dominated by the area facing the plasma flow and is not as significant for the wake-facing area or sides parallel to the plasma flow, so this may have impacted the cubic probe and the planar probe current characteristics.
Each of the electron saturation current characteristics in Fig. 6 has a subtle, elongated S-shaped curvature that includes a small increase in the electron saturation current slope, an inflection point, and a knee region. These features are indicated on the cubic probe I -V characteristic in Fig. 7(a) . These features may also be associated with the presence of high-speed plasma flow (see Section I). The increase in slope is too small to be seen in the I -V characteristic, but it is apparent in the first derivative of the I -V characteristic, which is shown in Fig. 7(b) . Fig. 7 (b) also shows that there are two inflection points in the first derivative of the cubic probe I -V characteristic: one peak at −24 V, which corresponded approximately to the plasma potential, and a second peak at −10.3 V. The knee in the cubic probe I -V characteristic was rounded and softened (as opposed to a sudden, sharp rise and change in slope). Current collection experiments in [24] revealed a transition to a similar rounded, soft knee as the population of CEX ions in a flowing plasma increased, providing a possible explanation for the shape of the current enhancement seen in Test Campaign 1.
Although only the cubic probe I -V characteristic is discussed here, these features were observed in the other probe I -V characteristics. It was also noted that the rise in slope and the knee were smaller in the planar probe I -V characteristic than in the other characteristics. As compared to the spherical and cubic probe I -V characteristics, the slope and knee observed in the planar probe current characteristic was relatively small. This result may be because the planar probe had the least cross-sectional area normal to the plasma flow, although further investigation will be required to show this.
Additionally, the probes' current collection characteristics can be compared to the current predicted by the WLP model. In the voltage range tested, the spherical probe, the planar probe, and the cubic probe collected 3.5, 3, and 2.8 times as much current as the WLP model predicted, respectively. Although the WLP model was based on a spherical probe in a mesothermal magnetoplasma, the current predicted by the WLP model and collected by the spherical probe were not in agreement. In the voltage range considered here, both the magnitude and the shape of the current characteristic calculated from the WLP model do not agree with the measured spherical, cubic, and planar probe current characteristics. The magnitudes may be inconsistent, in part, because of error in our plasma parameters (i.e., n e and T e ). However, the shape of the curve produced by the WLP model is also a poor fit, and this is because of the exponent β in the WLP model [expressed in (5) as β = 0.65]. No constant value of β would produce the S curve shape present in these I -V characteristics. The WLP model does not capture the growth in electron saturation current with voltage that we observe. An analytical model, further experiments, and a computational model could help quantify current collection for a variety of anode geometries in a high-speed plasma. This is explored later in this paper.
B. Evaluating Current Collection With the Planar Probe Reoriented Relative to the Plasma Flow: Test Campaign 2
In Test Campaign 2, the planar probe was oriented so the maximum cross-sectional drag area was facing the plasma flow. In addition, the electron density in Test Campaign 2 was roughly twice the electron density in Test Campaign 1 and the electron temperature in Test Campaign 2 was about half the electron temperature in Test Campaign 1. The conditions in Test Campaign 2 generated a smaller λ D and a thinner sheath, increasing the scaling parameter r p /λ D by a factor of two.
The I -V characteristics are shown in Fig. 8 . The probes in Test Campaign 2 collected more electron saturation current at equal bias voltages than they collected in Test Campaign 1 due to the larger electron density. Although the current collected was higher for each probe, the normalized I -V characteristics grew less rapidly in Test Campaign 2 [ Fig. 8(b) ], which suggests that the sheath was expanding less rapidly with increasing voltage when the parameter r p /λ D increased. For example, although the spherical and cubic probes had no change in orientation in Test Campaign 2, the normalized spherical probe current decreased by about 28% and the normalized cubic probe current decreased by about 37%. The growth of the collection current with bias voltage is sensitive to r p /λ D . This suggests that the current characteristic could change during an orbit as the surrounding ionospheric density and temperature change.
In Test Campaign 2, the planar probe had the highest collection efficiency (i.e., the highest current collection per unit area), exceeding the spherical probe collection efficiency by about 20%. In contrast, the planar probe collection efficiency in Test Campaign 1 was 5% below the spherical probe collection efficiency when the planar probe was oriented so the minimum cross-sectional area faced the plasma flow. Using the spherical probe as a reference, the increase in the planar probe current was roughly 25%. The increase in the planar probe current suggests that current collection is impacted by the orientation of the collector with respect to the plasma flow, even in a plasma with a significant portion of CEX ions. The 25% increase in collected current (relative to the reference spherical probe) is not proportional to the increase in ram facing area. Between Test Campaigns 1 and 2, the ram facing area increased ∼3.7 times. This again suggests that the large, flat collection areas are not efficient collection surfaces on a per-unit-area basis. Similar to Test Campaign 1, all of the probes in Test Campaign 2 collected more current than the WLP model calculated current. The normalized planar probe and spherical probe I -V characteristics were nearly identical below 0 = 5. However, there was a noticeable increase in the normalized planar probe current at 0 ≈ 5, an inflection point at 0 ≈ 20, and a soft knee at 0 ≈ 20-35. It was observed in the previous section that these features are associated with high-speed plasma flow. The other probes had similar albeit less pronounced features in their characteristics.
C. Evaluating Current Collection in a Flowing Plasma with an Enhanced Magnetic Field: Test Campaign 3
Helmholtz coils were used to increase the strength of the magnetic field flux density to a scaled value that more closely approximated the LEO environment. When the magnetic field was 6 G, the ratio r p /r G was scaled to simulate the LEO environment and ω ce /ν e was about (1/3) of the LEO environment. The planar probe in this test campaign was oriented edge on so the minimum cross-sectional drag area was facing the plasma flow.
The probe characteristics are shown in Fig. 9 , where the magntiude of the vertical component of the ambient magnetic Fig. 10 .
Ratio of the electron saturation current to the ion saturation current I es /I is . The ratio I es /I is is shown relative to the ambient magnetic field condition to show how the magnetic field depresses the electron current with increasing magnetic field. The reduction in electron saturation current appears to be related to collector geometry and the portion of area normal to and parallel to magnetic field lines.
field B z was set to 6 G. Enhancing the magnetic field supresses the electron saturation current [12] . Although the electron density was ∼40% higher in Test Campaign 3 than in Test Campaign 1, the electron saturation current collected by each of the probes in Test Campaign 3 was about the same as the current collected in Test Campaign 1. This result illustrates that the magnetic field supresses electron saturation current. The slope of the I -V characteristics also decreased with increasing magnetic field. In addition, the WLP model calculated current was about 50% less than the planar probe current and 15% less than the cubic probe current at equal bias voltages.
In order to compare the effect of the magnetic field for each probe geometry, the ratio of electron-to-ion saturation current I es /I is was calculated for each probe. I is was essentially unchanged in this range of magnetic field, so the ratio I es /I is can be used to show the reduction in electron collection current at increasing magnetic field levels [53] . Fig. 10 shows I es /I is over a range of magnetic field values, where the parameter I es /I is is normalized by the peak value of I es /I is . In other words, Fig. 10 shows supression of the electron saturation current with increasing magnetic field. Interestingly, the change in I es /I is is different for each probe, which suggests that the reduction in current collection due to magnetic field effects depends on probe geometry. The magnetic field impacts the spherical probe current most, decreasing the electron saturation current by ∼40% at B z = 6 G. The reduction in collection current for the cubic probe is similar to the reduction in spherical probe current. The planar probe current reduction, however, is much less severe. The planar probe current collection was roughly unchanged at 2 G, where as current from the other probes had reduced. At 6 G, the planar probe electron saturation current was reduced less than 20%. In the range of magnetic fields tested, the suppression of electron saturation current appears to decrease linearly with field strength, with a slope determined, in part, by the shape and size of a probe relative to the gyroradius.
The vertical component of the ambient magnetic field was reduced from 0.4 to ∼0.02 G, reducing the total magnetic field magnitude upto ∼0.19 G. This is shown in Fig. 10 . No impact on current collection was observed when the field was reduced. The difference in the electron saturation current between the two magnetic field cases was less than 2% for all of the probes.
Here, a possible (qualitative) expanation for the change in probe current with magnetic field is offered. In Test Campaign 3, the magetic field was directed principally vertically, perpendicular to the largest faces of the thin, planar probe. When the magnetic field was 6 G, the parameter r p /r G was similar to LEO (r p /r G ∼ 1.8) and ω ce /υ e was about 300, suggesting that electrons were magnetized. Rubinstein and Laframboise [13] argued that as the magnetic field strength increases, the current collection area shifts to the area projected along magnetic field lines. The observed decrease in collected current in Test Campaign 3 could be the result of a reduction in the effective collection area with increasing magnetic field strength. These results are also consistent with [18, for spherical and planar probes in a magnetized plasma.
V. DEVELOPMENT OF MODELS FOR SPHERICAL AND RECTANGULAR CUBOID PROBES IN HIGH-SPEED PLASMAS
Here, we develop semi-empirical current collection models for the spherical, planar, and cubic probes in order to fit the electron saturation I -V characteristics measured in the laboratory experiments. A complete derivation of these models can be found in [8] . Our approach initially provides approximate current collection estimates in magnetized, nondrifting plasmas. Each current collection expression is then multiplied by a fitting parameter in a crude attempt to fit the experimental data and account for the electron current enhancement occurring in a high-speed flowing plasma. The generality of this semi-empirical approach could be improved significantly in the future work. However, our approach provides valuable insight into the impact of probe shape, magnetic field strength, and plasma flow on current collection.
A. Spherical Probe Model
Walker [54] developed an expression for the thickness of the sheath around a spherical electrode when the electrode is between the thin and thick sheath regimes in an unmagnetized, nondrifting, Maxwellian plasma. The sheath thickness S s in the electron saturation regime is given by [54] S s = 0.83r
The electron collection current can be estimated by multiplying the sheath area by the thermal current [55] . The thermal current collected at the edge of the spherical probe sheath is
J the is the thermal current density and J the = n e e(kT e /2πm e ) 1/2 . Assuming, as in [55] , that the thermal current collected at the sheath edge is equal to the current collected by the probe, the expression for current collection by a spherical electrode is
.
It was assumed here that the sheath has a well-defined edge to facilitate calculation of the electron collection current. In fact, it would be more accurate to approximate the sheath edge as a second region that gradually transitions to the undisturbed plasma over the width of the presheath [56] . The assumption of the defined sheath edge may cause error in current collection estimates, although this error is not quantified here. Equation (8) is based on an assumption made for sheath thickness as a function of bias voltage. The assumption does not apply when the probe is much larger than the Debye length, so (8) may not accurately estimate current collection in the thin sheath regime, suggesting a limit on applicability. Accounting for magnetic field effects, (8) can be rewritten as
where the reduction in electron saturation current η s can be expressed as [18] 
where λ e is the electron mean free path. In an unmagnetized plasma where the probe radius is much smaller than electron mean free path (i.e., r p /λ e ≈ 0), η s = 1. In these tests, the probe radius was much smaller than the electron mean free path. Equation (9) assumes ions are not magnetized (i.e., the ion gyroradius is much larger than the probe size), effects other than collisions that cause cross-field transport, like turbulence, are negligible, and the disturbance in the plasma caused by the probe is large with respect to the probe dimensions.
To more accurately fit the laboratory data, we multiply (9) by α K , a dimensionless expression modeled after (3) , to obtain an expression in a flowing plasma. The parameter α K is expressed as
where ϒ A , ϒ B , and ϒ C are fitting parameters and
Comparing (3) to (11) It is not understood precisely why α K allowed us to more closely fit the experimental data, but high-speed plasma flow is a possible explanation. It was observed earlier in this paper that high-speed plasma flow produces a rise in the electron saturation current slope, an inflection point, and a knee in the I -V characteristic. These features were also observed in the probe I -V characteristics presented here. Equation (11) is modeled after an expression that captures the characteristics associated with high-speed plasma flow.
The final expression used for electron saturation current is
for a spherical electrode. It can be seen in (13) that the ratio of the Debye length to the probe size impacts the collection current. This ratio is essential for estimating collection current in a regime where the probe size is of the same order of magnitude as the Debye length and current collection is in neither a thick nor a thin sheath regime. It is worth emphasizing that it is difficult to predict how plasma flow will impact current collection. In this paper, we show that plasma flow creates a signature shape in the electron saturation characteristic. But the details of this shape (i.e., the magnitude of the current enhancement) are difficult to predict a priori. To the authors' knowledge, there is presently no analytical model that can predict the precise effects that plasma flow will have on electron saturation current for spherical and rectangular cuboid probes. For this reason, an approach similar to ours was taken to fit I -V characteristics captured during the TSS-1R mission [25] . The purpose of this section is to develop a semi-empirical model that allows us to fit the I -V characteristics presented here. Equation (13) is a practical albeit limited approach to fitting these I -V characteristics. Additional investigation will be required to develop a more general expression for electron saturation current. A more detailed exploration of plasma flow effects and the development of a more general current collection model are subject to future work.
B. Rectangular Cuboid Probe Model
The current collection expression developed in this section for the planar probe is derived in a manner similar to the spherical probe current collection expression. In the case of rectangular cuboid collecting bodies, the coefficient representing the reduction in electron collection current due to magnetic field effects is different for the surfaces parallel or perpendicular to magnetic field lines. Diffusion of electrons along field lines is not reduced and thus the collection current for surfaces normal to field lines is not restricted as severely as current collection to surfaces parallel to field lines. For this reason, the strategy taken here is to develop an expression for the current collected by a single face. This allows the total current to be calculated by adding up the contributions from all of the faces.
Here, the overall electron saturation current collected by cuboid probes in a magnetized plasma is approximated by calculating the current collected by probe faces that are parallel and perpendicular to the magnetic field and summing both current contributions. For a single face of a rectangular cuboid probe with dimensions w × l, the current collected is
where the reduction of current on faces perpendicular to field lines η ⊥ is η ⊥ = α 
where
and K (k e ) is the complete elliptic integral of the first kind for k e = (1 − α) 1/2 [19] . In an unmagnetized plasma where the probe radius is much smaller than electron mean free path (i.e., r p /λ e ≈ 0), η = η ⊥ = 1. In the presence of a magnetic field, generally speaking, η < η ⊥ . In the simplest geometric configuration, the current collected by the entire rectangular cuboid probe is
where the appropriate area is used for the parallel and perpendicular faces. α K was included in the model to more accurately fit the laboratory data and is given by (11) . Equation (18) accounts for the total probe current based on area parallel and perpendicular to magnetic field lines. The in-between case is subject to future work.
VI. COMPARISON OF EXPERIMENTAL RESULTS WITH THE SPHERICAL AND RECTANGULAR CUBOID PROBE MODELS
In this section, the electron saturation current calculated using the spherical and rectangular cuboid probe models is compared to the measured I -V characteristics. Figs. 11 and 12 show the current calculated using the models and the data from each experiment. The plasma parameters used to calculate current from the models are provided in Table II . The current collection models fit the laboratory data well, capturing the general behavior of the electron saturation current of each probe. In the test campaigns, the difference between the measured current and the current calculated by the spherical and rectangular cuboid models was less than 10% in the voltage range tested. The models fit the data significantly better than the WLP model, where the WLP model calculated current that was less than the measured current by a factor of 2 or more. Fig. 12(c) shows that the rectangular cuboid current collection model provided a relatively poor fit to the measured cubic probe current. Fitting the electron saturation I -V characteristic using the models developed in the previous section was challenging because of the current enhancement and soft knees in the probe I -V characteristics. Recall that the parameter used to capture these features, α K , is based on an expression originally derived to describe current enhancement for one-sided planar electrodes in a plasma with a drifting Maxwellian ion energy distribution. However, probes used here were not one-sided planar electrodes and the ion energy distribution was non-Maxwellian, particularly at low energies below the most probable ion energy (Fig. 4) , providing a possible explanation for discrepancies between the experimental data and the models. It will be important in the future work to better understand the shape of the electron saturation current for these geometries and develop models that more adequately capture current enhancement.
The fitting parameters ϒ A , ϒ B , and ϒ C were chosen to best fit the experimental data. ϒ A ranged from 1 to 3.1 between experiments while ϒ B = 4 and ϒ C = 3 in all tests. The different ϒ A values used for fitting are listed in Table III . ϒ A , ϒ B , and ϒ C did not appear to correspond to any Test Campaign 3 as B z was increased from 2 to 6 G, suggesting that our model adequately estimated the reduction in electron saturation current due to magnetic field effects.
In (11), ϒ A was used to adjust the amplitude of the electron saturation current enhancement. Although we do not fully understand the fitting parameter ϒ A , we can see that it is associated with enhancement of electron saturation current in a flowing plasma. Studying ϒ A over different experimental conditions helps us better understand which factors impact current enhancement in a flowing plasma. In Figs. 11 and 12 , it appears that the electron saturation current enhancement varies with magnetic field strength, probe size, and probe shape. The magnitude of ϒ A appeared to change to some degree with the electron density and r p /λ D . For example, ϒ A grew in Test campaigns 2 and 3 as compared to Test Campaign 1, where r p /λ D was about half in Test Campaign 1 as it was in Test campaigns 2 and 3. It is unclear why this may be the case, but it appears that enhancement of the electron saturation current is more pronounced when the area normal to the plasma flow is larger with respect to the Debye length.
It is not clear why the fitting coefficients changed between experimental test campaigns. The change did not appear to correlate directly with any of the plasma parameters that were measured. The magnitude of ϒ A appeared to change to some degree with the electron density and r p /λ D , but further investigation is required to explore this. It is also possible that the fitting coefficients were impacted by measurement error in the plasma parameters, n e and T e .
VII. CONCLUSION
The experimental results provide a better understanding of current collection behavior of rectangular cuboid probes in a high-speed plasma. Key parameters that impact electron collection, like the probe radius-to-Debye length ratio and the probe radius-to-electron-thermal gyroradius ratio, were similar to the LEO environment. The planar probe current was enhanced when it was oriented so the maximum crosssectional area faced the plasma flow. In this orientation, the planar probe had the highest current collected per unit area, or collection efficiency, exceeding the spherical probe collection efficiency by about 20%. In contrast, the planar probe collection efficiency was 5% below the spherical probe collection efficiency when it was oriented so the minimum cross-sectional area faced the plasma flow. This suggests that the surface facing the plasma flow is the dominant collection surface. The cubic probe had the lowest collection efficiency in all laboratory tests. This may be due to inefficient collection by its large (relative to λ D ), flat planar faces and because collection is dominated by the area facing the plasma flow and is not as significant for the wake-facing area or sides parallel to the plasma flow.
In addition, increasing r p /λ D resulted in much less growth in collection current with bias voltage. This is significant because the plasma environment changes throughout an orbit in the ionosphere, so the shape of the current characteristic may change as well. Enhancing magnetic field strength from ambient to an appropriately scaled magnitude to simulate the LEO environment decreased the electron saturation current as well as the growth in the current collection characteristics. When the superimposed magnetic field in the experiment was increased to 6 G, the spherical and cubic probe electron saturation currents decreased by 40% and the planar probe electron saturation current decreased by almost 20%. This difference can be attributed to the planar probe having a majority of its surface area normal to magnetic field lines.
The spherical, cubic, and planar probe current characteristics exceeded estimates from the WLP model in each experimental test. Part of the explanation for the poor performance of the WLP model predictions is that they do not consider probe size relative to λ D , magnetic effects relative to the probe size, or orientation relative to the plasma flow. The spherical and rectangular cuboid probe models developed here provide much better agreement with the experimentally obtained electron saturation current characteristics because they were able to more adequately capture these effects, but additional research will be required to better understand these models. Although the generality of our approach can be improved in the future work, these models provide insight on the impact of collector shape, magnetic field, and plasma flow on current collection. Thus, the results presented here can be used to refine current collection estimates for miniaturized EDT systems in LEO.
